Despite the fact that pigs are reputed to have excellent olfactory abilities, few studies have examined regions of the pig brain involved in the sense of smell. The present study provides an overview of the olfactory bulb, anterior olfactory nucleus, and piriform cortex of adult pigs using several approaches. Nissl, myelin, and Golgi stains were used to produce a general overview of the organization of the regions and confocal microscopy was employed to examine 1) projection neurons, 2) GABAergic local circuit neurons that express somatostatin, parvalbumin, vasoactive intestinal polypeptide, or calretinin, 3) neuromodulatory fibers (cholinergic and serotonergic), and 4) glia (astrocytes and microglia). The findings revealed that pig olfactory structures are quite large, highly organized and follow the general patterns observed in mammals.
Introduction
The domestic pig (Sus scrofa) is a member of the diverse and highly successful order Cetartiodactyla (also called artiodactyl, the "eventoed ungulates," which includes tylopoda [camels] , ruminantia [cattle, goats, sheep, deer, and antelope] , cetancodonta [hippos, dolphins, and whales] , and suiformes [pigs and peccaries]; Price et al. 2005) . Pigs and people have lived together for about 10 000 years (Giuffra et al. 2000; Amaral et al. 2011; Groenen et al. 2012; Meiri et al. 2013) . Although both species are very intelligent, have evolved complex social interactions, and are omnivores that are prone to obesity, pigs are considered to have much more sophisticated olfactory abilities (Pond and Houpt 1978) . Both wild and domestic pigs use odors for the recognition of ingroup/outgroup differences, status, sexual receptivity, and to keep roving bands together (Watson 2004) . Pigs have evolved 9 glands for the production of odors (digital, preputial, vulvar, anal, mental, salivary, buccal, pre-orbital, and Harderian glands; Pond and Houpt 1978; Watson 2004) and they have one of the largest olfactory receptor repertoires with 1113 functional olfactory receptor genes and 188 pseudogenes (Nguyen et al. 2012; Paudel et al. 2015) .
Despite the fact that pigs are legendary for their ability to detect items such as truffles on the basis of their sense of smell, very little attention has been given to describing regions of the pig brain involved in olfaction. Most existing studies appear to have been motivated by the species' economic importance. Because reproduction in pigs is facilitated by odors (Signoret 1970; Booth and Signoret 1992; Sorensen 1996; Rekwot et al. 2001 ) several studies have examined the pig vomeronasal system and the perception of pheromones (McGlone 1985; Vieuille-Thomas and Signoret 1992; Guiraudie et al. 2003; Salazar et al. 2003 Salazar et al. , 2004 Park et al. 2012) or have examined the role of the main olfactory system in detecting odors deemed to be pheromones (Macleod et al. 1979; Dorries et al. 1997 ).
Other studies have examined factors helping to specify the early food preferences of weanlings (Baldwin 1980; McGlone 1990a, 1990b; Parfet and Gonyou 1991; Kristensen et al. 2001; McGlone and Anderson 2002; Oostindjer et al. 2011) . Apart from these works, the remaining few studies have examined diverse other aspects of their olfactory systems, including their ability to use odors to discriminate conspecifics , the dynamics of neuron addition in the young olfactory bulb (OB; Martin et al. 2013) , the effects of OB removal Booth and Baldwin 1980; Booth et al. 1981; Kirkwood et al. 1981; Koba and Tanida 2001; Søndergaard et al. 2010) , estimates of odor sensory capacities in minipigs (Koba and Tanida 2001; Søndergaard et al. 2010) , examinations of nasal patency cycles (Eccles and Maynard 1975; Eccles 1978) , odorant binding proteins in the nasal mucosa (Hajjar et al. 2006; Nagnan-Le Meillour et al. 2014) , OB luteinizing hormone releasing hormone expression (Leshin et al. 1991) , abnormal development (Venneman et al. 1982) , and general physiology/ synaptology (Kornguth et al. 1976; Reinhardt et al. 1981) . A species with such varied and differentiated olfactory capacities deserves more rigorous study. The present work provides a basic examination of the pig olfactory brain through Nissl, Golgi, and fluorescence-immunostained sections of the OB, anterior olfactory nucleus (AON), and piriform cortex (PC). The results indicate that the olfactory structures in the pig are very similar to those seen in lab rodents and other species, although much larger.
Materials and methods

Subjects
All procedures were performed according to NIH guidelines and protocols approved by the University of Virginia Animal Care and Use Committee (PHS service assurance number A3245-01; USDA registration: 52-R-0011). Young (30-36 kg) female Yorkshire pigs were housed in temperature-and humidity-controlled rooms maintained on a 12:12 light:dark cycle with 8753 Miniswine Diet (Envigo) and water ad libitum. Ten pigs were euthanized via overdose of Euthasol (0.39 mg drug/g body weight; Virbac); their brains were then removed and either the whole organ or dissected portions fixed by immersion in freshly prepared 4% paraformaldehyde in 0.01 M phosphate buffer (pH 7.4 PBS) at 4 °C. One pig was anesthetized with Telazol (Zoetis) and Ansed (Lloyd, Inc.), intubated, ventilated and maintained under deep anesthesia on isoflurane (Minrad) to facilitate perfusion through the heart with cold PBS followed by freshly prepared cold 4% paraformaldehyde.
Tissue preparation
Coronal brain sections were cut at 60 µm with a vibratome; the tissue was then stained by a number of methods. Nissl (thionen) staining was accomplished by standard means. These sections were used to estimate the number of OB glomeruli using the Cavalieri method (Maresh et al. 2008) . In order to estimate OB size the mitral cell layer (MCL) was used as a metric because the lamina's location in the middle of the bulb made it much less susceptible to damage in these large and very delicate pieces of tissue. In each of 4 regions of the bulb (each separated by approximately 3 mm) the areas of approximately 40 contiguous glomeruli were measured, their mean diameters calculated, and the number/length of the underlying MCL calculated. Total MCL length was estimated by measuring the perimeter of the layer in every 50th section through the bulb. Values from adjacent measured sections (e.g., sections 1 and 50, sections 50 and 100, etc.) were averaged, multiplied by the number intervening sections and the results summed to yield an estimate of laminar size. Total numbers of glomeruli were determined by multiplying the average number of glomeruli/µm 2 by the estimated surface area of the MCL and corrected with the Abercrombie method (Guillery and Herrup 1997) .
Myelin was visualized with Schmued's Black Gold using methods described previously (Brunjes et al. 2011) . To visualize neuronal dendritic morphology, portions of unfixed brains were placed in Golgi-Cox solution using procedures previously described (Glaser and Van der Loos 1981; Brunjes and Kenerson 2010) . Test sections from neocortical regions were examined regularly to determine optimal impregnation. By varying the staining time to accommodate each subject, complete staining was obtained in all samples, minimizing possible artifacts. The tissue was then embedded in celloidin, sectioned at 120 µm, counterstained with methylene blue, dehydrated, mounted, and coverslipped with DPX (Electron Microscope Sciences). In order to compare the size of pig neurons with those of lab rodents, methods described previously (Brunjes and Kenerson 2010; Brunjes et al. 2011 ) were used to reconstruct pyramidal neurons from pars principalis of the AON (AONpP). Briefly, cells were traced at 400× by using a computer-controlled microscope system (Neurolucida: MBF Biosciences). Every attempt was made to select and reconstruct well-stained cells centered in the section such that the bulk of the dendritic field was not truncated or obscured. A general estimate of the number and extent of the dendritic arborizations was made using the "branch" analysis: processes originating in the cell body were labeled "primary," subsequent branches of these dendrites were cataloged as second, third, fourth (etc.) order processes. The number of branches at each order as well as their length was recorded. Data for apical and basilar branches were tallied separately.
Fluorescence immunohistochemistry was used to stain freefloating 60 µm-thick vibratome sections. The sections were rinsed 4 times in 0.01 M phosphate buffered saline (PBS pH 7.4). Next, the tissue was incubated in 0.01 M citrate buffer pH 8.5 at 80 °C (2 × 15 min, Jiao et al. 1999) . After cooling at room temperature for 5 min, the sections were washed in PBS (2 × 2.5 min), permeablized in 0.03% Triton in PBS (TW: 4 × 5 min), and placed into blocking solution (0.5% normal donkey serum in TW; Jackson ImmunoResearch) for 1 h. Sections were then placed into primary antibody (Table 1) 
Results
Adult pig brains are large, measuring almost 10 cm from rostral tip to the back of the cerebellum, and weigh about 90 g (Figure 1 ). The rhinal fissure extends for over 5 cm, delineating the extensive olfactory cortex from the much more convoluted neocortex. Located at the rostral end of the brain, the OB is quite large; cut from the remainder of the brain at the frontal pole of neocortex it weighs about 3 g and has a volume of 3 ml. In one specimen there were approximately 260 sixty micron coronal sections through the structure. The neuropil of the OB encircles a large olfactory ventricle that extends caudally into the olfactory peduncle, finally merging into the lateral ventricles ( Figure 2A ). During early development, the walls of the ventricle produce neurons that will populate the OB (e.g., Hinds 1968) . In some species (e.g., mice, rats) it collapses with maturation The most superficial region of the OB, the thick olfactory nerve layer, contains the incoming axons of the olfactory sensory neurons that reside in the olfactory mucosa of the nasal cavity ( Figure 2B : see Shepherd et al. 2004; Mori 2014; Ennis and Holy 2015 for an overview of the structure of the mammalian OB). The fact the layer is so deep suggests that the pig has both a large number as well as diverse kinds on olfactory sensory neurons (Nguyen et al. 2012) . The layer just deep to this superficial region contains spherical shaped regions of neuropil known as glomeruli. Considerable variation in glomerular size was observed; in general the largest were found in the dorsal OB. Average glomerular area was about 10 800 µm 2 with a range of 2400 to 42 000µm 2 . Using the methods described above it was estimated that there are about 11 000 glomeruli in these large bulbs. In the glomeruli the axons of the olfactory nerve ramify and synapse on neuronal elements in the OB. Periglomerular neurons are one variety of these cells; they are interneurons found between and around the glomeruli ( Figure 2C ). The other neurons receiving direct input are the mitral and tufted cells that are the main projection neurons of the OB. These neurons are immunoreactive for TBR1, a transcription factor shared by many of the projection neurons in the telencephalon ( Figure 3A ; Brunjes and Osterberg 2015) .
Beneath the glomeruli is the clearly defined external plexiform layer (EPL); it contains few cells ( Figure 2B , D) but many synapses between the dendrites of mitral/tufted cells and granule cells ( Figure 2C ). The region does contain some horizontally oriented neurons intrinsic to the layer ( Figure 2D ). The deep border of the EPL is the thin MCL. The zone beneath the mitral cells is quite large, containing about half of the OB's volume. The top portion of the submitral zone is the granule cell layer (GCL). It houses the largest population of OB neurons, the interneurons known as granule cells ( Figure 2E ) whose cell bodies are separated by white matter into characteristic islands. The deepest region is a very large layer of white matter containing axons entering the OB from higher brain regions including portions of the olfactory cortices as well as neuromodulatory elements from more caudal brain regions (Brunjes 2012) . Myelin stains suggests that some bundling of axons occurs in the region ( Figure 2B ).
There are several varieties of GABAergic inhibitory interneurons in the OB including the periglomerular and granule cells. Many GABA-containing interneurons also express other markers, and these markers have been used to divide the population into different classes (Petilla Interneuron Nomenclature Group et al. 2008; Kay and Brunjes 2014) . Figure 3B , C demonstrate that at least 4 of these classes exist in the pig OB: cells that express 1 of 2 calcium binding proteins (parvalbumin [PARV] Figure 3 also demonstrates the pig OB is 1) receives both cholinergic ( Figure 3D ) and serotonergic ( Figure 3E ) innervation, especially in glomerular regions, as has been reported for laboratory rodent and other species (McLean and Shipley 1987; Gracia-Llanes et al. 2010; Salcedo et al. 2011; Liberia et al. 2015; Steinfeld et al. 2015) and 2) is densely populated by astrocytes (especially in deep layers, Figure 3F ; Petzold et al. 2008 ; but see Roux et al. 2015) and microglia, scavenger cells found throughout the tissue with fewer observed in the granule cell zone ( Figure 3G ; Fiske and Brunjes 2000; Okere and Kaba 2000) .
In the caudal OB, the MCL thins and then disappears on the dorsal surface of the bulb. The accessory OB becomes visible at the dorsal-medial edge of this region (Figure 4 ; the approximate location is also marked by an arrow in the much more caudal section shown in Figure 5 ). The AOB is organized in a similar fashion as the OB with glomeruli on the external surface. The external plexiform and MCLs are combined in a large single zone which overlies the densely packed GCL (Salazar et al. 2000) .
The splitting of the ring of mitral cells on the dorsal side also indicates the beginning of the "olfactory peduncle": the stalk by which the OB is connected to the rest of the telencephalon. The medial OB extends quite far into the peduncle and thus in coronal sections is still obvious long after it has been replaced on the lateral side. The axons of the mitral and tufted cells exit the posterior OB to form the lateral olfactory tract (LOT). By convention, the regions innervated by the mitral and tufted cells are known as the portions of the "olfactory cortex" (Mori, 2014) . The peduncle has 4 regions of olfactory cortex. Two are small, have received relatively little attention and are found more caudally than the region shown in Figure 4 : the tenia tecta (also known as the ventral hippocampal rudiment, which is found on the medial side) and the dorsal peduncular cortex, found near where the peduncle merges with the neocortex. The other two comprise most of the peduncle and are collectively are known as the AON (Brunjes et al. 2005) . The AON has 2 subdivisions. The first, pars externa (AONpE), is a narrow ribbon of cells found in the rostral peduncle. It forms at
Figure 6
Confocal images of AONpP. The superficial side (pial) is toward the top, the olfactory ventricle to the bottom. The numbers 1 and 2 in (A) and dotted lines delineate the approximate boundaries of layers 1 and 2 for orientation ( Figure 5B the edges of the gap left by the splitting of the MCL (Figure 5A, B) . It is characterized by cells with a small number of apical dendrites and no basal processes ( Figure 5C , Brunjes and Kenerson 2010) .
These cells receive a topographic map of the activity in the OB and relay it across the anterior commissure to the contralateral OB (Yan et al. 2008; Kikuta et al. 2010) . The second, much larger structure is AONpP. This structure is often divided into subregions (pars dorsalis, pars lateralis, pars ventroposterior, and pars medialis) based on differences in organization and projections (Haberly and Price 1978; Brunjes et al. 2005) . It has a simple, 2-layered cortical organization with an outer plexiform layer (Layer 1) and deeper neuronal layer (Layer 2, Figure 5B ). Layer 1 is divided into Layer 1a, containing axon collaterals from OB projection neurons and the apical dendrites of Layer 2 neurons, and Layer 1b, containing association axons from olfactory cortical regions and sparse interneurons (Haberly and Price 1978) . Layer 2 contains pyramidal cells, projection neurons that are a characteristic of forebrain cortices, which are immunoreactive for TBR1 ( Figure 6A ). In the pig these neurons are much larger than those of lab rodents. Pyramidal cells in the pig AONpP have 50% more dendritic branches and twice the total dendritic length as those of the rat or mouse (Table 2) . AONpP has been shown to contain a number of different kinds of interneurons (Kay and Brunjes 2014) and varieties expressing somatostatin, parvalbumin, VIP, and CR were observed in the pig tissue ( Figure 6B , C). Dense cholinergic staining was observed in both layers ( Figure 6D ): serotonergic staining was more modest and favored layer 1( Figure 6E ). Both glial markers were also observed throughout the region, with the least dense staining observed in Layer 2 ( Figure 6E, F) . Two portions of the olfactory cortex are found just caudal to the olfactory peduncle (Figure 7 ). On the medial side is the olfactory tubercle, the route through which olfactory information enters into the ventral striatum (Payton et al. 2012) . On the lateral side the AONpP merges with the much larger PC that extends most of the length of the forebrain to the entorhinal cortex (for an overview of the PC see Ekstrand et al. 2001; Wilson and Sullivan 2011; Mori 2014) . Layer 1 of PC is similar to that seen in the AON; it is a superficial plexiform zone with the same subdivisions (Layer 1a and b) that encircles the LOT (Figure 7A, B) . Unlike the AONpP, the PC contains 2 cellular layers. The superficial region, Layer 2, is thin and densely packed. It can be subdivided the superficial Layer 2A and deeper 2B, with the latter zone having a higher packing density. The deepest portion, Layer 3, is broader with more scattered and larger cells (Haberly and Price 1978) . A number of subdivisions have been described in the PC of laboratory rodents. The primary division is into the anterior and posterior piriform cortices as they differ on the basis of their cytology (e.g., APC has a thinner Layer 3, receives a stronger input from the OB and is the source of more commissural projections; Haberly and Price 1978; Ekstrand et al. 2001; Mori 2014 ) and probably their function (e.g., the APC may be more involved in odor identification and the PPC in determining what perceptual category or categories the stimuli should be assigned; Kadohisa and Wilson 2006; Gottfried 2010; Mori 2014) . APC has been further subdivided into several zones (Ekstrand et al. 2001; Mori 2014) .
Both Layer 1 and 2 contain pyramidal-shaped projection neurons ( Figure 7C , E) that can be identified with antibodies to TBR1 ( Figure 8A ). Subclasses of these neurons exist, which is obvious in Golgi-stained material as some have larger caliber dendrites that are more densely spined ( Figure 7D distribution of fibers from both the cholinergic ( Figure 8D ) and serotonergic ( Figure 8E ) systems are similar to that observed in AONpP. Astrocytes ( Figure 8E ) were found to be densest in the LOT and deep structures ( Figure 8E ), while microglia were more prevalent in layers 1 and 3 ( Figure 8F ). At levels more caudal than the 3 regions outlined in Figure 1 lie several other portions of the olfactory cortex including the posterior PC, cortical amygdaloid nuclei (nucleus of the LOT, anterior cortical amygdaloid nucleus, and posterolateral cortical amygdaloid nucleus), and lateral entorhinal area.
Discussion
The data presented above provide a description of the general organization of regions of the pig's brain devoted to the initial processing of odor stimuli. The olfactory areas are quite large and well organized, doubtlessly due to the central role that sense of smell plays in the life of S. scrofa. Compared with total body weight, pig brains are smaller (0.05%) than humans (2.0%; Pond and Houpt 1978) but even a superficial perusal of gross brain morphology indicates that olfactory system structures of pigs are much more prominent. We observed that the OB accounts for approximately 7% of brain size, whereas in humans it is only about 0.01% (Kavoi and Jameela 2011) . Results presented above indicate that there are approximately 11 000 olfactory glomeruli/OB in the pig. Nguyen et al. (2012) reported that there are 1113 functional olfactory receptor genes in the species, indicating that there are about 10 glomeruli/gene. The estimate is much higher than that reported for mice [3 to 1: 3600 glomeruli (Richard et al. 2010 ) and 1200 genes (Zhang et al. 2007 )] but not as high as estimates for people (16/1: 5500 glomeruli and 350 genes; Maresh et al., 2008) . However, the human olfactory system seems much different than many other mammals in that there are very large numbers of pseudogenes and sequence variations (Maresh et al. 2008) . Finally, the results of a quantitative Golgi analysis of the dendritic extent and complexity of AONpP pyramidal cells (Table 2) indicates that neuronal size is also larger in the pig than in laboratory rodents. These observations follow general neuronal/body size scaling rules previously observed (Purves and Lichtman 1985) .
The methods employed in the present paper did not uncover any unusual specializations in the olfactory regions observed: the organization of the OB and olfactory cortices are quite similar to what is encountered in many mammalian species. The similarities include the general organizational patterns observed in Nissl and myelin sections, as well as similar varieties of projection and interneurons, neuromodulatory afferents and glia. Nevertheless, as one of the first detailed examination of a member of the Suidae family, the findings are an important step toward an understanding of the phylogeny of olfaction.
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